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Low temperature specific heat of the electron-doped (n-type) infinite-layer cuprate 
Sro.9Lao.iCuC>2 has been measured. The quasiparticle density of states (DOS) in the mixed state is 
found to be consistent with the feature of the s-wave pairing symmetry, agreeing very well with the 
earlier tunnelling measurement, but being contrary to the d-wave symmetry well confirmed for the 
hole-doped (p-type) cuprates. Our results indicate that the electronic DOS are mainly contributed 
by the vortex cores in the present sample being contrast to the p-type cuprates in which the vortex 
cores are abnormal and contribute very limited low energy DOS as evidenced by many means. 

PACS numbers: 74.20.Rp, 74.25. Bt, 74.25.Fy, 74.72. Dn 



The pairing symmetry is one of the essential points 
in clarifying the underling physics of high tempera- 
ture superconductors (HTS), since it is supposed to 
be related to the pairing mechanism in these mate- 
rials. In the hole doped side, the pairing symme- 
try of the cuprate is widely believed to be d x i_^a. 
This has been supported by tremendous experiments]^ 
both from surface detection^, 0, S S @ an d bulk 
measurements U For the electron doped sys- 
tems, the symmetry of the order parameter remains 
highly controversial. Ang le-resolved photoemission spec- 
troscopy ( ARPES Mill and phase-sensitive scanning 
SQUID measurements [12] indicate a d-wave symmetry in 
Nd 2 - x Ce x Cu0 4 (NCCO) and Pr 2 _ x Ce x Cu0 4 (PCCO). 
In addition, Raman scattering shows a nonmonotonic d- 
wave order parameter 0. Specific heat measurement on 
PCCO reveal also lines of nodes on the gap function^). 
However, this has been contrasted by tunnelling [lij and 
penetration depth measurement jlri Il7j . It has been re- 
cently argued that there may be a crossover from d- 
wave to s-wave symmetries by changing the doped elec- 
tron concentration^! 0] . Recently Chen et al.0 re- 
ported evidence of strongly correlated s-wave pairing 
in the infinite-layer superconductor Sro.gLao.iCitC^ by 
tunnelling spectroscope. This conclusion can also be cor- 
roborated indirectly by the stronger suppression of T c 
by magnetic quantum impurities Ni than non-magnetic 
ones Zn[2(|, which is the same as observed in conven- 
tional s-wave superconductors. Since tunnelling tech- 
nique relies on the surface situation, a bulk evidence is 
thus strongly desirable for the pairing symmetry in this 
material. It is well known that the specific heat is one 
of the important means to explore the low energy ex- 
citations which reflect the bulk properties[2l]]. In this 
Letter we present magnetic field dependent specific heat 
of Sro.gLao.iCu02 in low temperature region. The mag- 
netic field induced quasiparticle DOS have been found 



to be well consistent with a s-wave pairing symmetry. 
We further conclude that the vortex cores contribute the 
dominant part of DOS in this n-type cuprate. This is in 
sharp contrast to the observations in p-type cuprates. 

The sample studied in this work is high-density gran- 
ular material of SrQ,gLao.iCu02^^- X-ray diffraction 
(XRD) patterns show no any trace of a second phase 
in the sample. The ac susceptibility measured with 
H ac = lOe and / = 333Hz is shown in the inset of Fig.l, 
and one can see that the sample has a sharp transition 
at a temperature of T c = 43K. A piece about 23.13 mg 
in mass, 2.3 x 2.0 x 0.8mm 3 in dimensions, was chosen 
for the specific heat (SH) measurement. The heat capac- 
ity data presented here were taken with the relaxation 
method based on an Oxford cryogenic system Maglab. 
The heat capacity is determined by a direct measure- 
ment of the thermal time constant, r = (C + C a dd)/ k w , 
here C and C a dd are the heat capacity of the sample 
and addenda (including a small sapphire substrate, small 
printed film heater, tiny Cernox temperature sensor, 025 
/im gold wire leads, Wakefield thermal conducting grease 
(100/ig)) respectively, where fcyj IS the thermal conduc- 
tance between the chip and a thermal link. The value 
Cadd has been measured and subtracted from the total 
heat capacity, thus C value reported here is only the heat 
capacity of the sample. We have also checked the field 
dependence of C a dd and found that the change (if any) of 
Cadd under 12 T is in the same order of the noise back- 
ground (20 nJ/K at 5 K and 40 nJ/K at 20 K). The 
influence of the magnetic field (12 T) on the readout of 
the thermometer is below 0.02 K and can be neglected. 
During the measurement, the sample was cooled to the 
lowest temperature under a magnetic field (£f||c) (field- 
cooling) followed by data acquisition in the warming up 
process. 

Fig.l shows the SH coefficient C/T vs. T 2 at mag- 
netic fields ranging from to 12 T. The separation be- 
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FIG. 1: Specific heat coefficient C/T vs. T 2 at magnetic fields 
ranging from to 12 T for the sample Sro.9Lao.iCu02- The 
inset shows the ac susceptibility of the sample. 

tween each field can be well determined. In low tem- 
perature region the curves are upturned below 4 T, and 
gradually a slight but broad hump appears for higher 
magnetic fields, these are due to the Schottky anomaly 
of free spins which will be discussed later. Beside the 
Schottky anomaly, the curve at zero field extrapolates 
to a finite value 70 « l.2mJ/molK 2 at K, which is 
about 3 to 5 times smaller than that observed in p-type 
cuprate superconductors. If the sample has the d-wave 
symmetry, this can be interpreted as potential scatter- 
ing near the node of d x 2_ y 2 gap function due to small 
amount impurities However, if the sample has a typ- 
ical s-wave symmetry, this term should be very weak if 
the scatterers are non-magnetic. The small but finite 
value of 70 observed here may be still explained as due 
to impurity scattering with strong correlation effect in 
the present sample although it is s-waveflf^. In addition, 
for the temperature above 8 K, the SH deviates from a 
T 3 law due to higher order terms in the phonon SH. To 
avoid extra parameters needed to describe the phonon 
SH above 8K, our analysis is restricted to T<7K. 

It is known that different gap symmetries give rise to 
different quasiparticle DOS Np near the Fermi level j^- 
Conventional low-T c superconductors show an s-wave gap 
symmetry in which the electronic SH has an exponen- 
tial temperature dependence, C e i cx Te~ A ' kBT , where 
A is the energy gap. For present sample, A is about 
13 meV|l5j. thus C e i can be negligible at temperatures 
considered here (T < IK). For a clean d-wave supercon- 
ductor with nodes, since Np oc E near the Fermi level, 
this leads to the relation C e i oc T 2 |2^. Therefore we fit 
the zero field SH data with Eq.(l) and Eq.(2) according 
to d-wave and s-wave ( when ksT << A ) respectively, 

C(T,0) = O/T 2 + la T + aT 2 + f3T 3 (1) 



where O/T 2 is the zero field Schottky anomaly due to 
the effective internal field, /3T 3 is the phonon term, 70T 
is the zero field linear term as discussed above, and the 
aT 2 term is due to the excitations with lines of nodes 
in d-wave case. The fit results of the zero field data to 
Eq.(l), with the phonon coefficient (3 to be free and to 
be fixed as the average of the fit results of the high fields, 
0.118m J/molK 4 , are shown in Table I. 

Table I. Zero-field specific heat fit to Eq.(l). 
(Units are mJ,mol, and K.) 

H 6 70 a [3 

0.0 1.68 ± 0.28 1.29 ±0.07 -0.10 ± 0.03 0.123 ±0.003 

0.0 2.0 ±0.1 1.18 ± 0.02 -0.054 ±0.003 0.118 

From table I, one can see that the zero field data can 
not produce reasonable a both with free j3 and with the 
fixed j3. This indicates that the zero field DOS of the 
sample does not have the term aT 2 . So we use Eq.(2), 
the case of s-wave when fc^T << A, to fit the zero field 
data and deduce the reasonable value of (3. The absence 
of the aT 2 may indicate preliminarily that the pairing 
symmetry of present sample is not clean d-wave like. 

Then we take a general fit to the SH data at different 
fields. No matter the sample has a s-wave or d-wave 
symmetry, at a fixed magnetic field, in low temperature 
region the fit formulae can be written as||, 

C(T, H) = C Sch (T, H) + j(H)T + (3T 3 (3) 

CsA(T , g) = n( ^ f ___^ (4) 

where C's c h{T, H) is the Schottky anomaly under a 
magnetic field; n is related to the concentration of spin- 
1/2 particles; and j(H)T is the sum of the zero field 
linear term and the magnetic field induced linear contri- 
bution, A7=7(_ff) — 70 oc H for s-wave and oc ^/H for 
d-wave. All data are fit with a Lande g factor of g = 2.0 
and the fit results are shown in Table II. 

Table II. Fit of specific heat at fixed magnetic fields to 
Eq.(3) 

from 2-7K. (Units are mJ, K, and T) 



H 


7 


(3 


n 


0.0 


1.04 ±0.01 


0.1126 ±0.0004 




0.5 


1.13 ±0.02 


0.1136 ±0.0006 33.3 ±2.1 


1.0 


1.21 ±0.02 


0.1139 ±0.0006 11.3 ±0.6 


2.0 


1.34 ±0.02 


0.1158 ±0.0006 


4.5 ±0.2 


4.0 


1.59 ±0.04 


0.1186 ±0.0010 


2.8 ±0.2 


6.0 


1.77±0.11 


0.1195 ±0.0022 


3.1 ±0.7 


8.0 


2.09 ±0.05 


0.1199 ±0.0007 


2.1 ±0.5 



10.0 2.25 ±0.02 0.1214 ±0.0004 2.7 ±0.3 



C(T, 0) = O/T 2 + 7o T + /3T 3 (2) 



12.0 2.41 ±0.01 0.1215 ±0.0004 3.1 ±0.3 
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FIG. 2: Temperature dependence of the specific heat at var- 
ious fields with the Schottky terms subtracted. The bottom- 
right inset shows the phonon coefficient j3 vs H with the hor- 
izontal line marking the value /3=0.118. The upper-left inset 
shows a typical example for the result of the Schottky term 
(12 T) C S ch = C~j(H)T~(3T 3 , and the solid line represents 
a fit to Eq.(4). 



FIG. 3: a. Scaling of the data (symbols) C ca i-s = [(C(H) - 
C S ch{H)) - (C(H = 0) - C S ch{H = 0))]/T 3 vs. T/VS, 
the solid line represents the theoretical expression Eq.(5); b. 
Scaling of the data (symbols) C ca i-d = [(C(H) — Csch(H)) — 
(C(H = 0) - C S ch(H = 0))]/T 2 vs. T/VH. No good scaling 
can be found for the d-wave case. 



The fit results of the phonon term j3 and the Schot- 
tky term at 12 T are shown as insets of Fig. 2, where 
C Sch = C-~/{H)T-PT 3 . The large value n in low field 
region may be induced by the residual effect of the inter- 
nal crystal field. In order to remove the influence of the 
Schottky anomaly, we subtract the raw data with Cs c h 
and the results are shown in the main panel of Fig. 2. 

In the mixed state, there are two types of quasiparticle 
excitations in the bulk of a superconductor: bound states 
inside the vortex cores, and extended states outside the 
vortex cores ( as predicted for d-wave [2^ )• In con- 
ventional s-wave superconductors, the inner core bound 
states dominate the quasiparticle excitations; therefore, 
the electronic SH is proportional to the number of vor- 
tices. The number of vortices increases linearly with field, 
thus the magnetic field induced electronic SH is propor- 
tional to H 21], i.e., C core w -f n TH/H c2 (0). If we divide 
each side by T 3 , one obtains 



Cc, 



T 3 



7 » (JLv 



(5) 



For a gap with lines of nodes (e.g., d-wave symme- 
try), the extended quasiparticles dominate the excitation 
spectrum in the clean limit. It has been shown that the 
electronic SH has a y/H dependence in the clean limit 
at T = ojijjj and the data should obey Simon-Lee [24^ 
scaling law 



C vo i »/ T % 



(6) 



Since the phonon SH is field independent and the 
Schottky contribution has been removed from the raw 



data, we can obtain the field dependent part of the elec- 
tronic SH through subtracting the zero field SH from 
the one measured at other fields. Therefore for the s- 
wave symmetry, C ca i- S = [(C(H) - C Sch (H)) - (C{H = 
0) - C Sc h(H = 0))]/T 3 cx H/T 2 , thus should scale with 
T/v^ff; for the d-wave symmetry, C ca i~d = [{C(H) — 
C Sch (H))-(C(H = 0)-C Sc h(H = 0))]/T 2 = C vol /T 2 ~ 
a, should also scale with T/y/H. 

The scaling result of the magnetic field induced 
DOS with the s-wave condition (Eq.(5)) is presented in 
Fig. 3a. The scaling quality is quite good. The solid 
line is a theoretical curve C ca /_ s = 0.15H/T 2 , thus 
ln/H c2 (0) w 0.15m J/molK 2 T according to Eq.(5). Tak- 
ing ff C 2(0)=50T, 7„ = 7.5mJ/molK 2 , which is quite 
close to the value of optimally doped LffCoj^. Fig. 3b 
shows the scaling by following the d-wave condition 
(Eq.(6)). It is obvious that the result of the scaling for 
the s-wave condition is much better than the clean d-wave 
condition. Therefore it is tempting to conclude that the 
pairing symmetry of the sample is not the clean d-wave 
but very likely s-wave. The field induced quasiparticle 
DOS are contributed mainly by the vortex cores. 

Further more, the zero temperature electronic DOS 
7(T = 0)(H) was obtained and shown in Fig. 4. The 
circles represent raw data, and the solid line is the fit 
using the formula 7 = 7(0) + AH B . It is known that the 
expected value for B is 0.5 for d-wave and 1 for s-wave. 
The obtained B is 0.85, being close to the linear condition 
B=l. It is important to note that all SH measurements 
on p-type cuprates (mostly near optimal doped point) 
yield a value B ss 0.5 giving the evidence for d-wave. Dis- 
tinction from the d-wave symmetry is apparent in present 
sample although B — 0.85 instead of 1 is found here. Ac- 
tually the curve between 1 T and 10 T is close to be linear. 
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FIG. 4: Field dependence of the coefficient of the linear-T 
term 7 at zero temperature. The solid line represents the fit 
to 7 = 7(0) + AH B , and the dotted line for the clean d-wave 
case. 

It has been pointed out that 27] when the field is rela- 
tively high, the vortex lattice effect should be considered 
and usually the linear H dependence of the quasiparticlc 
DOS cannot be seen for s-wave. In Fig. 4 the dotted line 
is a fit to the clean d-wave superconductor with B = 1/2. 
It is clear that the clean limit d-wave cannot describe the 
data at all. We have also used the dirty-limit relation to 
fit the zero temperature DOS. At the unitary limit and T 
= 0, Kitbert and Hirschfeld|2^| predicted that the field in- 
duced DOS for d-wave is 67/70 = Pi(H/P 2 )log(P 2 /H), 
where Pi = 0.322(A /r) 1 / 2 , A the gap maximum, V 
the impurity scattering rate, and P 2 = irH C 2/2a 2 , awl. 
Worthy of noting is that this relation is too flexible which 
can apparently fit to data with strong diversity. The fit 
to our data yields 7rif C 2/2a 2 =3604. Taking a=l, one has 
H C 2 = 2294T which is far beyond the reasonable value. 
So the d-wave in the dirty limit cannot be used to in- 
terpret our data either. This is in sharp contrast with 
what appears for the p-type cuprates. Recently SH mea- 
surements on an overdoped LSCO single crystal (x=0.22) 
revealed also a d-wave pairing symmetry and very lim- 
ited contribution from the vortex cores to the electronic 
DOS in the mixed state(28|. All these indicate that the 
features of vortex cores in present sample are very differ- 
ent from that in p-type ones in which a gapped electronic 
state may appear within the vortex cores when the su- 
perconductivity is suppressed [2^. l30| . 

In summary, specific heat measurements reveal that 
the electronic DOS in the n-type infinite-layer supercon- 
ductor Sro.gLao.iCu02 are mainly contributed by the 
vortex cores showing a bulk evidence for the s-wave pair- 
ing symmetry. This manifests that the d-wave pairing 
symmetry may not be universal in cuprate superconduc- 
tors, rather it depends on the specific structure and com- 
peting ground states. 
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